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ABSTRACT

A lumped parameter thermal nodal network has been developed for a 30 cm

Engineering Model Mercury Ion Thruster. The network consists of approxi-

mately 100 nodes coded in SINDA format for use on the Univac 1106/1108 com-

puter. This model takes into account internal dissipation, radiation, and

conduction as well as environmental heating.

A series of tests were performed at NASA-Lewis Research Center to

simulate a wide range of thermal environments on an operating 30 cm thruster,
(ref. 1), instrumented to measure the temperature distribution within the

thruster. The results of these tests were used to calibrate the analytical
model.

Presented in this paper are a description of the analytical model along
with comparisons between analytical and experimental results for the various
operating conditions.

INTRODUCTION

Missions for which the use of large ion thrusters are desired, require
that the thrusters operate over a wide range of thermal environments for
long periods of time (up to 5 yrs.). These missions also require having a
large number of thrusters on board with as few as two or as many as nine
thrusters operating at the same time. Because of the wide range of thermal
environments encountered, a good analytical model is required to compute the
temperature distributions within the thruster as well as predicted the thermal
interaction of the thruster with the environment, adjacent thrusters and
the spacecraft itself.

There have been thermal models developed for the 20 cm ion thrusters
(refs. 2 and 3) as well as studies on the self-heating pattern of operating
15 and 20 cm ion thrusters (refs. 4 and 5). For these studies experimental
data was obtained with operating thrusters instrumented with thermocouples
located in the assumed areas of thermal dissipation. The analytical model
was then adjusted to obtain agreement between the experimental and predicted
temperatures.

This combined analytical/experimental approach has been used in this
study. The experimental data was obtained using an operating 30 cm ion
thruster (ref. 1). The analytical model was developed and the self-heating
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distribution adjusted to obtain agreement with the experimentally obtained
temperature distributions. This calibration procedure will be discussed.

Once the model was calibrated, it was used to study the thermal per-
formance that could be obtained in multiple thruster operation. A com-
parison of the predictions of the analytical model with the data obtained
in a test program (ref. 1) which simulated multiple thruster operation,
will be presented.

THERMAL INVESTIGATION

Thermal Model

The concept of treating heat flow problems in terms of electrical net-
works has been well developed (ref. 6) and is based on the equivalence of
the electrical and thermal conductance equations. The concept basically
involves the determination of the thermal resistance paths within a given
network' and then numerically determining the resulting temperature distri-
bution.

Based on the design configuration, a lumped mass thermal network con-
sisting of 88 diffusion and 6 boundary nodes was constructed. The nodal
layout of the thruster is shown in Figure 1. In general, the main components
of the thruster (i.e., anode, engine body, ground screen, etc.) were
divided into 4 equal areas circumferentially. The network allows each
circumferential quadrant to see any environmental temperature desired.
This capability was used to simulate multiple thruster operation.

Heat exchange within the thruster is predominately by radiation. This
requires that the surface optical properties of the materials be known with
a reasonable degree of accuracy. However, there can be considerable vari-
ation of the optical properties due to non-uniform surface finish, the
deposition of debris from the operating thruster and any temperature depen-
dence of the surface properties. Also, since most of the materials are
metallic (i.e., low optical properties), there is the possibility of multiple
reflections which complicates the computation of the radiation conductors.

Small samples of various parts of the thruster were removed and optical
properties were measured experimentally between wavelengths of 1 and 15 Pm.
In general, the value of emissivity of the samples was between 0.10 and
0.15 at the wavelengths of interest (5 to 7 pm). A value of 0.10 was chosen
as the emissivity of the thruster surfaces. However, for the interior
nodes of the thruster radiating through the grids to the cold walls of the
test chamber, a cavity effect emissivity of 0.50 was assumed based on data
from reference 7.

The radiation exchange factor, 3ij, was approximated by the following
relationship developed in reference 6;
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where Ei and e. are the emissivities of the ith and jth node, Ai and
Aj are the radia ing areas of the ith and jth node, and Fi is the
geometric configuration factor between the ith and jth node. The values
of Fij were calculated either by hand or numerically using the computer
program in reference 8.

Although radiation is the dominant means of heat transfer within the
thruster, the linear conduction contribution cannot be overlooked. There-
fore, it is necessary that the thermal conductivity of the materials as
well as the contact resistance between joints be known. The thermal
conductivities of the materials are well documented in the literature and
are relatively constant over the temperature range of concern. The values
for thermal conductivity used herein are presented in Table I. An experi-
mentally obtained value of 0.0057 W/cm2 OC was used for the joint conductance
in setting up the model.

The program chosen to solve the analytical model was the Systems
Improved Numerical Differencing Analyzer, or SINDA which is a thermal
analyzer program described in reference 9. Once the necessary model infor-
mation was obtained, it was coded in SINDA format and the steady state
temperature distributions of the thruster were calculated. Predicting
variations in the thermal performance of the thruster due to property
changes can be done with relative ease.

Thruster Self-Heating Distribution

When the thruster is operating, heat is supplied to the various vapor-
izers and cathodes. These heat inputs are known and can be treated analyti-
cally without difficulty. However, there are significant heat inputs to
various components of the thruster due to the ionization and acceleration
processes. The distribution of this heat to the thruster is not known pre-
cisely and does present another uncertainty in a purely analytical approach.

Estimates of the self-heating distribution within operating 15 and 20 cm
ion thrusters have been made by other investigators (refs. 4 and 5). The
approach taken here was initially to assume that the heat distribution to
the various components of the thruster was in the same ratio of the total
power as finalized by Wen in (ref. 2) for a 1 amp beam current. These
values were then adjusted as necessary to obtain agreement between experi-
mental and analytical results. The same ratios were then applied for a
1.90 amp beam current and adjusted as necessary. The final values and
percentage of the total dissipation to the various components for the two
beam currents are shown in Table II along with the total discharge power.
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In general, the final values shown in Table II are within 2 percent
of those used by Wen (ref. 2). The only major difference is the amount
of heat going to the engine body. Whereas Wen had approximately 9 percent
of the total heat being received by the engine body, this-model has approxi-
mately 25 percent.- Comparing the distribution-between the-two beam currents
shows very li-ttle.difference in percentage of total.heat dissipation to
the various components (see Table II). Based on the above comparisons, it.
appears that -Wen's 20 cm approximations can be used for other size thrusters.

RESULTS AND DISCUSSION

Calibration

The analytical model was calibrated using data generated at 1.9 and
1.0 amp beam currents for a single thruster in a vacuum chamber surrounded
by LN2  cold walls. These beam currents represent full power and half
power respectively.

The comparison of experimental and analytical temperature distributions
for these calibration tests are given in Table III. The rear shield temper-
atures were set at the average experimental values due to the complex nature
of the support system. In general, the analytical results agree within
100 C of the-experimental data for the main components of.the thruster.
The discrepancies in the ground screen predictions are about 200 C due prin-
cipally to uncertainties in calculating view factors for a curved, perfor-
ated surfaces and difficulties in measuring accurate temperatures. The
reason for the discrepancy on the main vaporizer at the 1 amp beam current
is not understood at this time. Although the network does include nodes
for the neutralizer assembly (Fig. 1), no comparisons between analytical
and experimental results are presented. The lumped node simulation of this
area is not a good representation of the actual hardware; a detailed analytical
model of this area is required. However, the analysis has shown that the
cathode and vaporizer of this neutralizer assembly are so isolated from
the thruster that they have essentially no impact on the temperature distri-
butions of the main components of the thruster. Therefore, the neutralizer
system can be treated as an isolated body if more accurate temperature pre-
dictions for this assembly are required.

Multiple Thruster Simulation

After the model was calibrated, it was used to study the effects of
multiple thruster operation. A multiple thruster array was experimentally
simulated by surrounding a thruster with a variable temperature azimuthal
shield similar to that shown in Figure 2. This configuration is a good
simulation of a double row array of thrusters or the 2 by .n array of thrusters.
This shield allowed the thruster to radiate primarily to a warm body rather
than the LN2  cold walls. This would permit a thermal evaluation of an
operating thruster surrounded by either operating or non-operating adjacent
thrusters. The shield was instrumented with thermocouples to monitor the
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shield temperatures. Strip heaters were attached uniformly to the bottom

of the shield. to control the temperature.

The shield was operated at two different temperatures for beam currents

of 1.9 and 1.O0 amps. One temperature simulated an adjacent thruster being

off while the second simulated an operating adjacent thruster.. For the

thruster off-simulation the shield was allowed to reach its equilibrium

temperature without any power-being supplied to it, while for the thruster

operating simulation the shield was heated to 1500 C.

The experimental and analytical results for the 4 multiple array
simulation tests are shown in Table IV. As in the calibration tests the

rear shield temperatures were set to their average experimental values.
Again the analytical results agree within 100 C of the experimental values
with the areas of discrepancy being the same as in the calibration tests.

Experimental temperatures on the engine body center and front increase

10 to 200 C from the calibration tests (Table III) to the intermediate
shield temperature tests, but then increase only an additional 3 to 50 C
when the shield is heated to 1500 C. The model predicts about the same

increase in temperature as the experimental data for the intermediate shield

temperatures. However, when the shield is heated to 1500 C, the analysis

predicts a greater increase than was measured. The temperature comparisons
between experimental and analytical results are also given in Figures 3
through 8.

The results of the analysis and the test program show that the main
mode of heat dissipation is out the accelerator end of the thruster to the

cold walls of the chamber. Limiting radiation from the engine body to the

environment does not have a significant influence on the thruster temper-
atures.

CONCLUSIONS

An analytical thermal network for a 30 cm engineering model mercury
ion thruster has been developed and calibrated against experimental data
obtained from an operating 30 cm thruster.

Experimental data has been generated at both half and full beam power
over a wide range of boundary temperatures. Comparisons between analytical
and experimental temperatures show that the analytical model agrees with-
in 100 C of the experimental results for the main components of the thruster.

From the results of this study, it was concluded that:

1. A realistic thermal model has been constructed to represent the
thruster thermal performance with an expected accuracy of 100 C.
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2. Heat losses to.various components of the thruster from the plasma
can be estimated with reasonable accuracy.

3. The model can be used to analyze interactions between thruster
arrays, thermal environment, and the spacecraft itself.

4. The operating thruster is relatively insensitive to the boundary
temperatures.

5. The main heat rejection mechanism is by radiation out the accel-
erator end of the thruster to the cold walls of the chamber.
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TABLE I. - ASSUMED PHYSICAL PROPERTIES OF

ION THRUSTER MATERIALS

Material p, C , k
g/cm 3 cal/ g)(C) W/(cm)(*C)

at 3000 C at 3000 C

6061-T6 Al 2.77 0.20 1.80
Pure titanium 4.43 .15 .20

Carbon steel 7.81 .13 .60
304 Stainless 7.92 .125 .20
Molybdenum 10.19 .20 1.20
Tantalum 16.16 .035 .60
Mercury 13.56 .03 .10
Tungsten 19.38 .035 1.50
Alumina (A1203) 3.79 .20 .17

(WESGO Al-300)
Kovar 8.36 .105 .15
6Al-4V titanium 4.43 .15 .10



TABLE II. - ASSUMED SELF HEATING POWER DISTRIBUTIONS

Component JB = 1 Amp JB = 1.9 Amps

Q, Per- Q, Per-
W cent Q W cent Q

Main vaporizer 7.3 3.46 7.3 2.13
Cathode vaporizer 4.6 2.17 7.6 2.21
Neutralizer tip 2.0 .96 3.4 .98
Neutralizer vaporizer 3.0 1.40 4.9 1.43
Cathode tip 13.4 7.26 25.6 7.43
Accelerator grid 11.6 5.52 19.6 5.68
Screen grid 11.6 5.52 19.6 5.68
Anode, rear 17.6 8.32 35.2 10.20
Anode, front 35.2 16.60 64.6 18.72
Engine body, rear 42.8 20.20 70.4 20.44
Engine body, front 9.2 4.44 15.6 4.52
Baseplate 36.8 17.32 46.8 13.60
Pole 14.4 6.84 24.0 6.96

TOTAL 209.5 100 344.4 100

Ion beam = 1 amp

Discharge power (arc) = 6.1 A x 37.2 V = 226 W

Ion beam = 1.9 amps

Discharge power (arc) = 10.1 Ax37.2 V = 376 W



TABLE III. - COMPARISON OF EXPERIMENTAL AND ANALYTICAL

TEMPERATURES FOR CALIBRATION TESTS

Component JB = 1.9 Amps JB = 1.0 Amp

Experi- Analyt- Experi- Analyt-
mental, ical, mental, ical,

OC OC OC OC

Main vaporizer 302 300 282 254
Baseplate 252 250 197 198
Engine body center

Under neutralizer housing 204 208 149 153
900 from neutralizer 202 208 147 153
1800 from neutralizer 205 207 150 152
2700 from neutralizer 207 208 151 153

Engine body front
Under neutralizer housing 253 261 182 197
90* from neutralizer 250 261 181 198
1800 from neutralizer 262 261 191 197
2700 from neutralizer 264 261 190 197

Anode, back 270 274 200 206
Rear shielda 141 141 106 106
Ground screen center

900 from neutralizer 85 112 50 71
1800 from neutralizer 84 112 51 71
2700 from neutralizer 82 112 50 71

aSet to experimental value.



TABLE IV. - COMPARISON OF EXPERIMENTAL AND ANALYTICAL TEMPERATURE FOR

MULTIPLE THRUSTER SIMULATION TESTS

Shield tempera- JB = 1.9 Amps JB = 1 Amp
ture, OC

Component 30 150 -13 150

Experi- Analyt- Experi- Analyt- Experi- Analyt- Experi- Analy-
mental, ical, mental, ical, mental, ical, mental, ical,

C C OC oC OC OC OC oC

Main vaporizer 294 302 301 305 280 257 278 261
Baseplate 252 253 256 256 208 201 210 205
Engine body center

Under neutralizer housing 207 201 209 206 161 148 163 155
900 from neutralizer 214 219 218 233 167 162 172 184
1800 from neutralizer 221 219 224 234 174 162 178 185
2700 from neutralizer 221 219 224 233 174 162 177 184

Engine body, front

Under neutralizer housing 256 258 256 261 196 195 198 200
900 from neutralizer 258 262 259 269 198 199 203 210
1800 from neutralizer 272 262 273 270 211 199 216 211
270' from neutralizer 272 262 273 269 209 199 213 210

Anode, back 270 276 274 279 215 208 217 213
Rear shielda 153 153 161 161 120 120 125 125
Ground screen center

900 from neutralizer 132 127 141 155 95 84 104 124
1800 from neutralizer 135 134 144 168 99 89 108 137
2700 from neutralizer 132 127 140 155 95 84 104 124

aSet to experimental value.
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30 CM. EM THRUSTER THERMAL MODEL

O NO. OF NODES ON DESIGNATED COMPONENTS
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VAPORIZER ASSEMBLY Figure 2. - Schematic of 30 centimeter ion thruster
ASSEMBLY REAR BOUNDARY with 2700 aximuthal shield.

Figure 1. - Location of nodes in thermal model.
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Figure 3. - Analytic and experimental results for a 1. 9 amp beam current
with no shield.
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Figure 4. - Analytic and experimental results for a 1. 9 amp beam current
with the 2700 azimuthal shield at 300 C.
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Figure 5. - Analytic and experimental results for a 1. 9 amp beam current
with the 2700 azimuthal shield at 1500 C.
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Figure 6. - Analytic and experimental results for a 1 amp beam

current with no shield.
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Figure 7. - Analytic and experimental results for a 1 amp beam current
with the 2700 azimuthal shield at -130 C.
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Figure 8. - Analytic and experimental results for a 1 amp beam current
with the 2700 azimuthal shield at 1500 C.
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